The mechanisms underlying the spatial organization of self-assembled myofibrils in cardiac tissues remain incompletely understood. By modeling cells as elastic solids under active cytoskeletal contraction, we found a good correlation between the predicted maximal principal stress directions and the in vitro myofibril orientations in individual cardiomyocytes. This implies that actomyosin fibers tend to assemble along the maximal tensile stress directions. By considering the dynamics of focal adhesion and myofibril formation in the model, we showed that the different patterns of myofibril organizations in mature versus immature cardiomyocytes can be explained as the consequence of the different levels of force-dependent remodeling of focal adhesions. Further we applied the mechanics model to cell pairs and showed that the myofibril organizations can be regulated by a combination of multiple factors including cell shape, cell-substrate adhesions, and cell-cell adhesions. This mechanics model can guide the rational design in cardiac tissue engineering where recapitulating in vivo myofibril organizations is crucial to the contractile function of the heart.
Introduction
The hierarchical structure of heart muscle is highly ordered, from the helical and weaving arrangement of myocardial fibers in the ventricles to the parallel alignment of myofibrils in individual cardiomyocytes [1, 2] . Understanding the underlying principles governing the emergence of structural patterns in heart muscles is a central goal of both developmental biology, pathology [3] , and tissue engineering [4] [5] [6] . Recapitulating the in vivo linear alignment of myofibrils at the cellular scale in tissue constructs is critical to achieving the optimal contractile function [7, 8] of the cardiac tissues. Myofibrillogenesis is a process in which many kinds of proteins assemble into spatially organized contractile myofibrils [9] [10] [11] . Previous studies have shown that myofibrillogenesis is a multistage process in which the assembly of a myofibril can be divided into three phases in the temporal order: premyofibrils, nascent myofibrils, and mature myofibrils [12, 13] . In addition to the temporal order of myofibrillogenesis, the spatial organization of myofibrils in individual myocytes has recently been studied intensively. In a series of studies [9, [14] [15] [16] [17] [18] [19] in which the micro-contact printing technique was used to constrain cell spreading and thus produce a variety of cell shapes, it was found that the cell shape plays an important role in regulating spatial myofibril organization. Figure 1 shows myofibril images of triangular and square shaped cardiomyocytes. It can be seen that, for the same shape, the spatial patterns of myofibril orientation are very similar, suggesting the existence of biomechanical mechanisms on the whole-cell level that regulate the spatial organization of myofibrils.
Several theoretical models have been proposed to understand the stress fiber or myofibril organizations in single cells. By assuming tension-dependent stress fiber formation, Deshpande et al. proposed a mechanobiochemical micromechanics constitutive law for the actomyosin cytoskeleton, and their modeling results showed that the cell shape and cell-substrate adhesion dictate the stress fiber organizations [20] [21] [22] . Vernerey et al. developed a sophisticated multiphasic model that accounts for mechanochemical coupling and dynamic contraction of stress fibers and mass convection/diffusion of actin monomers [23] . Their modeling results recapitulate the direction of myofibrils in square, triangular, and rectangular shaped cells as shown in Fig. 1 . In another work where the cell was modeled as an elastic inclusion in a continuum and the active contraction of stress fibers was modeled as local force dipoles, Zemel et al. were able to explain the alignment of stress fibers along the long axis of human mesenchymal stem cells [24] . Kresh and Chopra proposed a conceptual model of myofibril alignment where the principle directions of stretching and compression together guide the myofibril directions. Through computational modeling, Kang, et al. [25] studied the response of actin filament network to cyclic stretching. Walcott and Sun [26] developed a mathematical model of a viscous cytoskeleton and studied its role on stress fiber formation. Furthermore, a mathematical model based on the ensemble of individual fibers connecting focal adhesions (FA) has been developed by Grosberg et al. [15] to explore the self-organization of myofibrils in heart muscle cells. Their model also successfully recapitulated the myofibril organization shown in Fig.   1 for different shapes. These rather sophisticated models [15, [20] [21] [22] 24] predicted the stress fiber organizations as the steady-state results of the positive feedback between the stress fiber tension and stress fiber assembly. In the first part of this paper, using a simple elasticity model, we will show that
the mechanics principle of static equilibrium alone is sufficient to account for the onset of spatial pattern formations in myofibril organization from an isotropic and homogeneous initial condition. The positive feedback only serves to enhance the patterns formed. It is evident from the experimental data shown in Fig. 1 that the cell shape dictates the myofibril organization. However, experimental observations shown in Fig. 2 imply that cell shape is not the only determinant. As shown in Fig. 2 , the immature circular and square cells exhibited ring-like circumferential myofibrils in the central region, while the mature circular and square cells exhibited straight myofibrils [6] . The underlying cause of these different myofibril organizations in mature versus immature cardiomyocytes for the same cell shape remains unclear [6] .
It is widely known that mechanical tension plays a critical role for actomyosin stress fiber assembly in non-muscle cells [28] and cardiomyocytes [29] . While "tension" is a scalar concept for 1D muscle fibers, maximal tensile stress (MTS) of a stress tensor is more appropriate concept to describe the internal force experienced by the 2D or 3D muscle tissues. We hypothesize that
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Mature myofibrils in 2D and 3D muscle tissue tend to assemble along the MTS direction. Thus, the myofibril organization will be determined by the stress field, which is then governed by the mechanics of the cell. From the elasticity theory [30] , it follows that the stress field in an elastic solid depends on a combination of multiple factors: loadings (e.g., active contraction), the geometry of the domain (i.e., cell shape), the constitutive law of the material (i.e., mechanical properties of the cytoskeleton), and the boundary conditions (e.g., cell-substrate/cell-cell adhesions). Therefore, in addition to cell shape, other factors such as the dynamic remodeling of myofibrils and cell-substrate adhesions will also alter the stress field and thus change the myofibril organizations and focal adhesion formation.
The paper is organized as follows. In the Model Section, we will first present the static model, which is a simple elasticity model with active contraction. We then extend the static model to include force-dependent focal adhesion formation and force-dependent myofibril formation (i.e., the dynamic model). In the Result Section, we will first use the static model to explain the onset of myofibril pattern formation in shape-constrained cells. We then use the dynamic model to show that in addition to cell shape, other factors such as the dynamic remodeling of myofibrils, cell-substrate and cell-cell adhesions, and active contraction will also alter the stress field and thus change the myofibril organizations and focal adhesion formation. 
The static model
Because of the flatness of the well-spread cells on 2D substrate, the actomyosin cytoskeleton is treated as a 2D elastic solid (Fig. 3A) , and the thickness of the cell, denoted by ℎ, is assumed to be a constant for the sake of simplicity. The equilibrium equation [31, 32] for the cell is
where is the cytoskeletal stress tensor, and is the traction stress exerted on the substrate by the cell (the indicial notation for vectors and tensors are used here, subscripts i and j have the range of (x, y), summation convention on dummy indices is adopted [30] ). Traction stress is assumed to be linearly proportional to the displacement of the cell with respect to the substrate
where is the displacement, is the spring constant of the cell-substrate linkage. At the cell edge without cell-cell adhesion, the stress-free boundary condition holds ( Fig. 3B 
where is the normal direction at the cell edge. For the active actomyosin contraction, we extend the concept of isometric tension, which is a scalar for 1D fibers, to an isometric tensile stress (ITS) tensor Σ . Here the 2D plane-stress isotropic Hooke's law is modified to include the ITS tensor Σ [32]:
where and are Lame's constant and shear modulus of the cytoskeleton [30] , respectively. For simplicity, the passive component of the actin cytoskeleton is assumed to be isotropic.
This elasticity problem described above is solved for different cell shapes to obtain the stress field in the cell and to plot the maximal principle stress directions. For this static model, the ITS tensor is taken to be isotropic and constant and the cell-substrate stiffness is taken to be a constant within the cell domain
where σ c0 is the baseline active contractile stress, is Kronecker delta, 0 is a constant. The finite element method [30] is employed to solve the elasticity problem.
The extended dynamic model
To incorporate the dynamic remodeling of focal adhesion and myofibril organization, the elasticity model described above is augmented with two kinetics equations. A lumped phenomenological variable is defined to describe the density distribution of FA-associated proteins (e.g., integrins, talins, vinculins, etc.), ranging from zero (no integrin-mediated cellsubstrate adhesion) to one (mature FAs). The time evolution of is described by
where , , and are the rate constants for the spontaneous, auto-activation, and stressmediated FA formation, respectively, is a decay constant, denotes the magnitude of the traction stress, 0 and are model parameters, and a represents the average density of the total amount of bound and unbound FA proteins, and ̅ is the mean value of across the whole cell.
The traction stress-dependent term in Eq. (5) accounts for the previous finding that the mechanical stress applied on FA promotes their growth and maturation [33] . Here the redistribution (e.g., via active transportation and passive diffusion) of unbound FA proteins is assumed to be faster than other time scales involved, thus the unbound FA protein density is simply equal to ( − ̅ ). The kinetics of FA remodeling is coupled to the mechanics of the cell through the spring stiffness k cs by the following relation
where is the maximal stiffness when = 1. In this model we assume the substrate is rigid compared to focal adhesion because the in the experiments (Fig. 1, Fig. 2 larger traction stress leads to bigger , which leads to bigger ; bigger results in larger traction stress.
To account for the anisotropic fiber formation, a second-order tensor , referred to as the fiber tensor, is introduced and its time evolution is described by
where are the rate constants for the stress-mediated fiber formation, is the rate of disassembly, 1 is the maximal principal stress of σ , and is a model parameter. Denoting the maximal eigenvalue and the corresponding eigenvector of by λ 1 and 1 , respectively, the ITS tensor Σ is defined as
where accounts for the increased active tension along the fiber direction due to the formation of actomyosin fiber bundles. The dyadic product of unit vector 1 produces the tensor 1 1 , which has its only non-zero-principle-value principle direction along 1 .
Equations (3), (7), and (8) establish a feedback loop between the cytoskeletal stress and myofibril orientation (Fig. 3C ). The assembly of stress fibers along the MTS directions changes Σ from isotropic to anisotropic, which feedback to alter the stress field through the constitutive law (Eq. (3)). Furthermore, the FA feedback and the myofibril feedback are coupled to each other through the static equilibrium of the whole cell ( Fig. 3C ). Consequently, the focal adhesion formation will affect the actomyosin fiber assembly, and vice versa. For the extended dynamics model described above, the forward Euler method is employed in the finite element model to numerically integrate the kinetics equations (Eq. (5) and (7)) and at each time step the elasticity problem is solved to update the stress fields. For the simulations of the dynamics model, the initial value of ITS tensor is always set to be isotropic (i.e., Eq. (4)). For all the dynamic simulations, the time integration terminates when a steady state is reached.
Results
Myofibrils tend to assemble along the MTS directions
Treating each individual cell as 2D elastic solid with active contraction, the cellular and traction stresses are computed, as shown in Fig. 4 , by solving the static elasticity problem with homogeneous cell-substrate adhesion and isotropic material properties using the finite element method (see the static model in Model Section). The principal stress ellipse is used to depict the anisotropy of the stress field (see Fig. 4B, 4E) , for which the long axis of the ellipse denotes the MTS direction and the short axis represents the second principal stress direction. The lengths of the axes are proportional to the value of principal stresses.
Two patterns of MTS direction for both triangle and square shapes can be observed in Fig.   4B and 4E: (1) the MTS direction at the stress-free boundary is parallel to the edge; (2) the MTS direction is symmetric about the bisectors of the angles of the triangle and square. These patterns also appear in the myofibril orientations of different cardiomyocytes in Fig. 1 , although not in all of the cells (e.g., Fig. 1F does not show noticeable edge-parallel fibers). To facilitate the visual comparison between the predicted MTS direction and the myofibril orientation, Fig. 4A and 4D are the results of image processing of Fig. 1A and 1D using the "tubeness" [34] plugin in ImageJ /Fiji [35] , which exhibit the edge-parallel myofibrils and the symmetry of the myofibril orientations about the bisectors of the angles. Figure 5 shows the comparison between the myofibril orientation and the MTS direction for cardiomyocytes with irregular shapes (without shape-constraining), which also shows a good correspondence between them. Myofibril organizations in single cardiomyocytes, reprinted with permission from [27] and [14] . The third column of Fig. 4 shows that traction stress is larger at the cell edge and concentrates at the convex corners of the polygonal cells, and decreases to zero towards the center of the cell. This is simply a result of the static equilibrium: at the cell edge, traction stress needs to be present to balance the inward contraction, while at the center, contraction in one direction is balanced by the contraction in the opposite direction. Such mechanics principle has been reported previously by Nelson et al. [36] . Figure 5 shows the predicted MTS directions for some irregular shapes and rectangular shapes. The comparison between the myofibril organizations (top row of Fig. 5 ) and model predictions again shows a good agreement. The maximal tensile stress directions in rectangular cells are primarily parallel to the length direction.
Increasing the aspect ratio will increase the anisotropy of the stress tensor, which means more stress fibers assemble along the length direction as the aspect ratio increases (Fig. 5, bottom 2 panels). These modeling results show that the mechanics principle of static equilibrium alone is sufficient to account for the onset of spatial pattern formations in myofibril organization and traction stress distribution from an isotropic and homogeneous initial condition. Myofibril images on the top row were acquired using the same protocol as in Ref. [37] .
It can be seen that myofibrils at the boundary are parallel to the edge (Fig. 1 ). Previous models of myofibrillogenesis have assumed that premyofibrils assemble first at the plasma membrane by using the membrane as the scaffold [12, 38] . Here our model provides an alternative explanation of why myofibrils at the boundary are parallel to the cell edge. We interpret it simply as a result of the stress-free boundary condition at the cell edge. For a material element at the stress-free boundary (Fig. 3B ), because both normal and shear stresses at the boundary surface are zero, the MTS direction in the element is always parallel to the edge when the element is under tension. From the stress ellipses shown in Fig. 4 , we can see that at the cell edge the stress tensor is highly anisotropic with the MTS direction parallel to the edge, while near the center of the cell, the stress tensor becomes almost isotropic (i.e., the stress ellipses are close to a circle) because of nearly equal contraction from all directions. In addition, because the MTS direction in the convex corners are parallel to the two corner edges and merges at the corner vertices, this stress-free edge interpretation also explains why convex corners are the starting/terminating sites of stress fibers.
Effect of cell-substrate adhesion on myofibril organizations in mature versus immature cardiomyocytes
As shown in Fig. 2 , the immature circular and square cells (i.e., stem-cell derived cardiomyocytes) exhibited ring-like circumferential myofibrils in the central region, while the mature circular and square cells (i.e., neonatal cardiomyocytes) exhibited straight myofibrils [6] .
It was unclear why the same square or circular shape leads to different patterns of myofibril organization. We reason that myofibril organization is not only determined by the cell shape but also by the cell-substrate adhesion and the anisotropic cytoskeletal contraction, since all of them together determine the stress field in the cell. To incorporate the dynamic remodeling of focal adhesion and myofibril organization, the elasticity model is augmented with two kinetics equations that describe the force-dependent FA and stress-fiber remodeling (see the dynamic model in Model Section). The dynamic model establishes a positive feedback between the traction stress and FA formation, and a feedback loop between the cytoskeletal stress and myofibril orientation, as illustrated in Fig. 3C . Through the static equilibrium of the cell, these two feedback loops are coupled to each other. Consequently, the focal adhesion formation will affect the actomyosin fiber assembly, and vice versa. By performing the parameter space search, we found that the disparate myofibril organizations (Fig. 2) in mature versus immature cardiomyocytes can be recapitulated by changing a single model parameter , which denotes the stress-mediated FA formation (For example, = 0.8 for mature ones, while = 0.2 for immature ones). Note that a larger value of means a stronger positive feedback between FA maturation and FA stress, while a smaller value of means a weaker dependence of FA maturation on FA stress.
To enable the symmetry breaking in circular cells, a random FA density is given as a perturbation in the initial condition (Fig. 6 ). The first row in Fig. 6A shows the steady-state model predictions for the circular cell in the case of the weaker force-dependence ( = 0.2).
The simulations show that the FA distribution changes from the initial random state to nearuniform, indicating the axisymmetric distribution is the stable solution in this case. The steady state MTS directions are nearly circular, similar to the myofibril pattern in Fig. 2A . The stress ellipses in the central region are more eccentric because ITS tensor Σ becomes anisotropic due to the fiber formation (Eq. (7) and (8)). Furthermore, the ring-like circumferential myofibril directions are stabilized by the anisotropy of the ITS tensor. The traction stress slightly concentrates near the boundary. On the other hand, for the circular cell with the stronger forcedependence ( = 0.8) (the second row of Fig. 6A ), the initial random FA distribution is retained by the strong positive feedback (as depicted in Fig. 3D ) and initiates the multi-pole polarization of traction stress. The MTS directions at the cell center change from circumferential to primarily straight. On the other hand, our model predicts the MTS direction are circumferential around the whole edge of the cell, while the mature circular cell (Fig. 2C) only exhibits short and local circumferential myofibrils. We reason that this discrepancy is due to the simplification of our model such as neglecting the heterogeneity of the cell.
For square cells, the initial FA distribution is set to be homogeneous: = 0 , where 0 is a constant. In the case of weaker force-dependence ( = 0.2), the FA and traction stress slightly localize to the corners (the first row in Fig. 6B ), thus providing only limited geometric cues from the corners to influence the cytoskeletal stress field. In the central region of the square cell, the myofibril organization changes from an initial diagonal pattern to a circumferential pattern as a result of the feedback loops between mechanical stresses and FA and stress fiber remodeling, which resembles the ring-like myofibril organizations in Fig. 2B . This can also be understood as the central part of the square cell experiences a similar stress field as the circular cell in the case of the weaker positive feedback (the first row in Fig. 6A ). On the other hand, in the case of the stronger force-dependence ( = 0.8) (the second row in Fig. 6B) , initiated by the traction stress concentration on the corners, the FA and traction stress distributions continue to further localize to the convex corners, and the stress ellipses become more eccentric due to anisotropic contraction, which further enhance the diagonal MTS directions, which match with the myofibril organization in Fig. 2D . Note that the predicted pattern of corner-localization for the square cell Fig. 4B . This is interpreted as that the influence of the cell shape (i.e., three edges and corners) on the mechanical stress field is dominant compared to the cell-substrate adhesion.
Myofibril organization in cell pairs
In microtissues where cells are connected mechanically by cell-cell adhesion, the static equilibrium of the whole tissue also depends on the cell-cell contact [4, 37, 39, 40] in addition to tissue geometry and cell-substrate adhesions. To consider the cell-cell adhesion in the model (Fig. 3A) , is an immature cardiomyocyte, reprinted with permission from ref. [4] . Parameter values: k cc = 1 kPa/μm;
In Scenario III, for the cell on the left: =0.5, σ cf = 2 kPa, for the cell on the right: =0.8, σ cf = 4 kPa.
Conclusions
Although specific parameter values (listed in the figure captions) were used for the model predictions, the patterns of the MTS directions are the same for a wide range of values, thus no parameter fitting is needed in the model prediction. The good correspondence between the myofibril orientation and the predicted MTS trajectories supports our hypothesis that myofibrils tend to assemble along the maximal tensile stress directions. It is worth to point out that principal stress guided pattern formations have been found in other biological tissues, such as Wolff's law [41] for the trabecular bone and the microtubule orientation in plant cells [42] .
Based on our hypothesis, the effect of cell shape on myofibril organization that have been previously observed in experiments [9, [14] [15] [16] [17] [18] [19] can be understood as follows: cell shape dictates the stress field in the elasticity problem, then the stress field guides the orientation of myofibril assembly. In addition, we found that the convex corners of polygonal cells serve as traction stress raisers and therefore the sites of FA localization and the starting or ending points of myofibrils. We also found that, at the stress-free cell edge, the MTS directions are always parallel to the edge, which can explain the experimental observations that myofibrils near the cell edge are parallel to the edge.
By incorporating in the model the dynamic processes of FA formation and actomyosin fiber assembly, we show that the mechanobiochemical feedback loops between mechanical stresses and cellular structure remodeling govern the steady state myofibril organization. By tuning the parameter values, we found that the disparate myofibril organizations in the mature cardiomyocytes versus the immature ones can be recapitulated by tuning a single model parameter that represents the degree of force-dependence of FA maturation. This particular modeling result generates an experimentally testable hypothesis: focal adhesions of the immature (e.g., iPS cell-derived) cardiomyocytes undergo weaker force-dependent remodeling than that of the mature cardiomyocytes. Furthermore, by adding cell-cell adhesion to the model, we show that cell-cell adhesion and the disparity of contractile stress between cells play an important role in regulating the myofibril architecture.
Our present study also highlights the importance of the mechanobiochemical feedback loops between the mechanical stresses experienced by the cell and the remodeling of the cellular structures. The mechanobiochemical model we developed here at the individual cell level can be integrated with other computational models at the tissue and organ level [43] to form multiscale mechanistic models. Such multiscale predictive models can help achieve a complete understanding of the spatial organization of the hierarchical structure of heart muscle, and provide rational guidance on cardiac tissue engineering where recapitulating in vivo myofibril organizations is critical [1, 44] Author Contributions 
